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Ultracold gases of three distinguishable particles with large scattering lengths are expected to
show rich few-body physics related to the Efimov effect. We have created three different mixtures of
ultracold 6Li atoms and weakly bound 6Li2 dimers consisting of atoms in three different hyperfine
states and studied their inelastic decay via atom-dimer collisions. We have found resonant enhance-
ment of the decay due to the crossing of Efimov-like trimer states with the atom-dimer continuum in
one mixture as well as minima of the decay in another mixture, which we interpret as a suppression
of exchange reactions of the type |12〉+ |3〉 → |23〉+ |1〉. Such a suppression is caused by interference
between different decay paths and demonstrates the possibility to use Efimov physics to control the
rate constants for molecular exchange reactions in the ultracold regime.
PACS numbers:
The quantum-mechanical three-body problem is a fun-
damental, yet challenging problem of few-body physics.
In 1970 V. Efimov studied three-body systems of identi-
cal bosons whose two-body interactions can be described
completely by the s-wave scattering length a. He found
that for diverging scattering length such a system ex-
hibits an infinite series of universal three-body bound
states, which are called Efimov states [1]. For negative
scattering lengths the binding energies of these Efimov
states become zero at critical values of the scattering
length spaced by a universal scaling factor epi/s0 ≈ 22.7,
where s0 ≈ 1.00624 is a universal scaling parameter. For
positive scattering length there is a weakly bound dimer
state, and the Efimov trimers disappear when they cross
the atom-dimer threshold, i. e. their binding energy be-
comes degenerate with the binding energy of a weakly
bound dimer. The positions of the crossings are fixed
by a single three-body parameter, which describes the
effects of short-range three-body physics [2].
Ultracold gases are perfectly suited to study such
physics, as they provide systems where the s-wave scat-
tering length can be much larger than the range r0 of
the interatomic potential and then describes the two-
body interactions almost perfectly. Using Feshbach res-
onances [3] it is possible to tune the scattering length
by applying a homogeneous magnetic field. For negative
scattering length one can tune the scattering length to
values where a trimer state crosses into the three-atom
continuum. This leads to a zero-energy resonance in the
three-atom scattering, which can be observed through
enhanced three-body recombination into deeply bound
dimers [4]. For positive scattering lengths one can ob-
serve these trimer states either by looking for interference
minima in three-body recombination [4–7], or more di-
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rectly through observing resonant enhancement of atom-
dimer relaxation at the crossing of a trimer state and the
atom-dimer threshold [8]. Recent studies have begun to
go beyond the basic Efimov scenario, studying for ex-
ample universal four-body states [9, 10] or heteronuclear
systems [11].
In this Letter we study the case of three distinguish-
able fermions with large interparticle scattering lengths.
In this case the interactions are described by three dif-
ferent scattering lengths, and consequently there can be
more than one weakly bound dimer state in the system
(see fig. 1). This allows to study phenomena which are
not present for the case of identical bosons, as for ex-
ample the effect of Efimov states on molecular exchange
reactions. For our studies we use fermionic 6Li atoms in
the three lowest-energy hyperfine states, which we label
|1〉, |2〉 and |3〉 [12]. As 6Li atoms are fermions only non-
identical particles interact via s-wave scattering. These
interactions are described by the three scattering lengths
a12, a23 and a13 for the respective combinations (see fig.
1 a)). 6Li has the unique advantage that there are broad,
overlapping Feshbach resonances for all these combina-
tions, which allows to simultaneously tune all three scat-
tering lengths by applying an external magnetic field. For
each of these resonances there is a weakly bound dimer
state with binding energy Eij = ~2/ma2ij , where m is
the mass of a 6Li atom and ~ is the reduced Planck con-
stant. We designate these dimer states |12〉, |23〉 and
|13〉 respectively (see fig. 1 b)). The first experiments
with three-component gases of 6Li found two three-body
loss resonances in the low-field universal region (100 G
- 500 G) [12, 13], which were subsequently identified as
signatures of an Efimov state [14–17]. Another three-
body loss resonance was later observed above the Fesh-
bach resonances at 895 G [18]. This resonance belongs to
the second Efimov trimer in the series. The first Efimov
trimer never becomes unbound in the high-field region
due to the large background scattering length. Using the
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FIG. 1: (a) Magnetic field dependence of the two-body s-wave
scattering lengths for different channels in units of Bohr’s ra-
dius a0 [20]. (b) Binding energies of the universal dimer and
trimer states according to [19]. The vertical lines mark the
predicted crossings of the trimer states with the |1〉-|23〉 atom-
dimer threshold. The red diamonds mark the positions of
the resonant enhancement observed in β1−23 and the black
squares mark the interference minima in β3−12.
three-body parameter determined from the resonance at
895 G, E. Braaten et al. calculated the spectrum of Efi-
mov trimers across the resonances [19]. As the three
scattering lengths do not diverge at the same magnetic
field, the series of Efimov trimers is finite; according to
universal theory there are two trimer states, whose ener-
gies are expected to become degenerate with the energy
of a |23〉 dimer and a free atom in state |1〉 at 672 G and
597 G. One should note that a23 < r0 ≈ 60 a0 at 597 G
and the universal prediction is therefore not expected to
be quantitatively accurate in this case.
Here we study all possible combinations of free atoms
in one state and dimers consisting of atoms in the two
other states, which we call the |1〉-|23〉, |3〉-|12〉 and |2〉-
|13〉 mixtures. For the |1〉-|23〉 mixture there is a zero-
energy resonance in the |1〉-|23〉 atom-dimer scattering
when the binding energy of the trimer state becomes
degenerate with the binding energy of the |23〉 dimer,
which leads to enhanced relaxation of weakly bound |23〉-
dimers into deeply bound states. As the energy released
in these processes is much larger than the trap depth,
these events lead to the loss of one atom and one dimer
from the trap. Therefore, this mixture should exhibit a
resonant enhancement of two-body loss at these magnetic
field values.
To create such a mixture we first prepare a thermal
gas with twice as many atoms in state |1〉 as in state
|2〉 in an optical dipole trap, using the same scheme as
described in [12] to prepare the sample close to the zero-
crossings of the scattering lengths. Due to the weak in-
teractions we can then easily transfer the atoms in state
|2〉 to state |3〉 with a rapid adiabatic passage, followed
by a second passage transferring the atoms from state
|1〉 to state |2〉. Thus, we create an imbalanced |2〉-|3〉
mixture with about 105 atoms in state |2〉 and 5 × 104
atoms in state |3〉. We then quickly change the magnetic
field to 800 G, just below the |2〉-|3〉 Feshbach resonance
and reduce the trap depth by a factor of two in a final
stage of evaporative cooling. Additionally, any atoms left
in state |1〉 are lost in three-body collisions during this
stage. Next, we ramp the magnetic field down to 740 G,
making sure that the ramp is slow enough that the sam-
ple stays in chemical equilibrium until almost all atoms
in state |3〉 are bound in |23〉 molecules [21, 22], giving
us roughly equal amounts of state |2〉 atoms and |23〉
molecules. As the radio-frequency transitions are shifted
for the atoms bound in molecules it is possible to create a
three-component sample from this mixture by selectively
driving the free atoms in state |2〉 to state |1〉 with a
rapid adiabatic passage. However, this requires the sam-
ple to be quite dilute, so that the lifetime of the three-
component gas is much longer than the time required to
transfer the atoms. Additionally, for our measurements
the gas has to be cold enough that temperature effects
do not wash out the resonances [23]. At the same time
we cannot allow the gas to become quantum degener-
ate, as this would lead to the formation of a molecular
BEC, which would spatially separate from the rest of the
cloud and make a quantitative determination of the loss
rates much more difficult. To simultaneously fulfill all
these conditions we use two accousto-optical modulators
to adiabatically increase the radial extension of the trap
by a factor of four by creating a time-averaged potential.
This leads to an adiabatic decrease of the temperature
to its final value of 60± 15 nK and lowers the peak den-
sity by about an order of magnitude to a value of roughly
1.5×1011(2×1011) atoms (molecules)/cm3. The final trap
frequencies are 2pi × 102(5) and 2pi × 112(5) Hz in the
radial and 2pi × 15(1) Hz in the axial direction. After
this reduction in density we can ramp to the magnetic
field of interest and drive the free atoms in state |2〉 to
state |1〉 within 500µs using a rapid adiabatic passage.
This preparation scheme is unique to fermionic systems,
as two-component Fermi gases are very stable against
inelastic decay close to Feshbach resonances [24]. For
smaller scattering lengths, losses through |2〉-|23〉 atom-
dimer and |23〉-|23〉 dimer-dimer collisions become more
important, but are still low enough that we lose only a
small amount of particles during the final field ramp.
After preparing the |1〉-|23〉 mixture we record the
number of remaining atoms over 120 ms with in-situ ab-
sorption imaging. Due to the low density and tempera-
ture of the sample we cannot use time-of-flight imaging
to follow the temperature evolution of the cloud. Ad-
ditionally, for high loss rates the decay happens much
faster than thermalization, so that the sample falls out
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FIG. 2: Two-body loss rate for a mixture of state |1〉 atoms
and |23〉 dimers vs. magnetic field. The red line is a fit ac-
cording to eq. 3, the solid part of the line marks the magnetic
field range included in the fit.
of thermal equilibrium. As a quantitative treatment of
these effects is prohibitively complex, we assume the sam-
ple to have a Gaussian density distribution and fit only
the initial decay, where the effects of heating and anti-
evaporation should be only a small correction [25]. If we
neglect dimer-dimer collisions the two-body loss is de-
scribed by the following differential equation [26]:
N˙A = −β
∫
nA(r)nD(r) dr
3, (1)
where β is the two-body loss coefficient, NA is the atom
number and nA(r) (nD(r)) is the atomic (molecular) den-
sity. This equation has the analytical solution
NA(t) =
(ND0 −NA0)
ND0
NA0
e(ND0−NA0)γt − 1 (2)
with γ = β/(
√
27pi
3
2σxσyσz), where σx, σy and σz are the
1/
√
e radii of the atom cloud and NA0 (ND0) is the initial
atom (molecule) number at t = 0. Using this model we
can extract the atom-dimer loss rate β1−23 from the loss
curves. The results are plotted in fig. 2.
In the magnetic field region below 730 G the |23〉 dimer
is the lowest-lying weakly bound dimer state. Therefore
the only possible atom-dimer loss process is relaxation
into deeply bound dimer states. We observe two distinct
maxima of the loss rate, which we attribute to the two
predicted trimer states crossing the |1〉-|23〉 atom-dimer
threshold. According to [19] the relaxation rate around
the crossing of the second trimer is
β1−23 =
6.32C sinh(2η∗)
sin2(s0 ln(a23/a
+∗ )) + sinh2 η∗
~a23
m
, (3)
in the zero-energy and zero-range limit, where the posi-
tion a+∗ and width η∗ of the resonance are free param-
eters. To account for systematic shifts in our data due
to errors in our determination of particle density, which
we estimate to be ∼ 80% due to uncertainties in mag-
nification, particle number determination and trap fre-
quencies, we have included an additional normalization
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FIG. 3: Measured two-body loss rate for the |3〉-|12〉 and |2〉-
|13〉 atom-dimer mixtures vs. magnetic field.
constant C in our fit. We only fit the data for the re-
gion where a23 > 5 × r0 and E23 − E12  kBT (solid
line in fig.2). We find good quantitative agreement be-
tween the fit and our data in this region, with fit parame-
ters a+∗ = 1076 (1042, 1110) a0, η∗ = 0.34 (0.29, 0.39) and
C = 0.52 (0.47, 0.57), where the values in parantheses
give the 95% confidence bounds of the fit. This corre-
sponds to a resonance position of B∗ = 685 ± 2 G. One
should note that the highest measured value of β1−23 of
1.3× 10−8 cm3/s is only a factor of three lower than the
unitary limit of 4× 10−8 cm3/s for our temperature [27],
which can cause additional systematic errors for C and
η∗. For the lower resonance eq. 3 is not valid any more,
so we fit its position independently. A Gaussian fit to the
peak yields a position of 603± 2 G, which corresponds to
a scattering length of a23 ∼ 90 a0, so the universal de-
scription is not expected to be quantitatively accurate in
this region.
These results qualitatively confirm the predictions
about the spectrum of Efimov states made in [19], yet the
three-body parameter determined from the upper atom-
dimer resonance differs by about 30% from the one ob-
served at 895 G [18]. This suggests a magnetic field de-
pendence of the three-body parameter which cannot be
described by universal theory.
To study the |3〉-|12〉 and |2〉-|13〉 mixtures we use the
same techniques as described above. For the |3〉-|12〉mix-
ture the decay rate β3−12 results from a combination of
two inelastic processes: Relaxation of |12〉 molecules into
deep dimers, and recombination events of the form |3〉-
|12〉 → |1〉-|23〉. Similar exchange processes have already
been observed in ultracold Cesium [28]. For fields below
720 G, where the trap depth is much lower than the dif-
ference between the |12〉 and |23〉 binding energies both
processes lead to trap loss, so we cannot distinguish be-
tween the two. For fields above the crossing of a12 and
a23 at 730 G the |12〉-dimer is the lowest-lying shallow
dimer and relaxation into deep dimers is the only loss
process. The results for β3−12 are shown in fig 3.
4While we observe an overall increase of the loss coeffi-
cients for higher magnetic fields, we find two pronounced
minima of β3−12 at 610 G and 695 G where the loss rate is
strongly suppressed. The rates for relaxation events and
exchange reactions close to overlapping Feshbach reso-
nances have been calculated by J. P. D’Incao et al. for
the special case |a13|  a12  a23 [29]. As the con-
dition a12  a23 is not fulfilled for the case of 6Li we
cannot use the formulas given in [29] to fit our data, but
the presence of two minima agrees well with the theoret-
ical prediction that a trimer state can cause interference
minima in the rate of exchange reactions. Therefore we
believe that the observed minima of β3−12 at 610 G and
695 G are caused by interference minima in the rate of
|3〉-|12〉 → |1〉-|23〉 exchange reactions, which are visible
on top of a background of relaxation events [30]. The
fact that both minima appear at slightly higher fields
than the resonant enhancements of β1−23 suggests a con-
nection between these features. For the features at 685 G
and 695 G this connection should be universal, i.e. the
positions of the features should be determined by the
same three-body parameter.
For the |2〉-|13〉 mixture the decay is a combination of
|2〉-|13〉 → |1〉-|23〉 and |2〉-|13〉 → |3〉-|12〉 recombination
and relaxation into deep dimers. We have measured the
decay rate for fields between 580 G and 650 G and find
that the observed decay rate shows no prominent fea-
tures. However, we cannot exclude the possibility that
there are features which are masked by higher loss in
another channel.
In summary, we have prepared three different atom-
dimer mixtures of 6Li and studied their decay by inelastic
atom-dimer collisions. We have pinned down the cross-
ings of the two predicted universal trimers with the |1〉-
|23〉 continuum by observing two loss resonances in the
|1〉-|23〉 atom-dimer scattering. This completes the ob-
servation of the spectrum of Efimov states in 6Li. In
the |3〉-|12〉 mixture we observe two interference minima
where the rate of molecular exchange reactions is strongly
suppressed by the presence of lower lying trimer states.
This leads to a significant increase in the lifetime of the
gas, which can be exploited in future experiments. The
knowledge of the few-body physics and the experimen-
tal techniques developed in this work are a vital step
forward on the way to studying many-body physics of
three-component Fermi gases.
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